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Resonant cavity modes in gallium oxide microwires In the last years, the properties derived from light confinement into semiconducting micro and nanostructures and their potential applications have attracted considerable interest. In particular, luminescence and waveguiding properties of single nanowires have been reported in view of their applications as lasers or efficient optical cavities in photonic devices. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] The high crystalline quality and the commonly flat surfaces of nanowires are valuable points to consider them very good candidates to explore their behavior as optical resonators. Fabry-Perot (FP) modulations due to reflections between wire flat ends and whispering gallery modes (WGMs) due to total internal reflections in microstructures with regular polyhedral cross-sections were reported in some semiconducting micro and nanostructures. FP resonant modes from near band edge transitions have been reported in GaN, 1, 2 GaAs, 3 and ZnO (Refs. 4 and 5) nanowires. FP and WGM resonant modes in defect-related emission bands have been observed in ZnO and In 2 O 3 microwires with rectangular, 6 hexagonal, [7] [8] [9] or polyhedral 10 cross-sections. It is worth exploring the coupling phenomena in more complex structures, such as branched or crossing wires, in order to provide applications of light confinement in semiconductor nanostructures. However, there are still few works devoted to this issue, e.g., Refs. 11 and 12. On the other hand, the choice of the material is an important factor, which determines both the spectral range of emission, the nature of the luminescence, and even their feasibility to operate at room temperature.
b-Ga 2 O 3 micro and nanowires have been revealed as attractive host for optically active impurities. The wide band gap (4.9 eV) enables to tune their luminescence properties from the ultraviolet to infrared regions by controlling the defect structure and/or impurity doping. On the other hand, Ga 2 O 3 has a rather high refractive index suitable for light confinement and waveguiding behavior, which could lead to optical gain in a resonant cavity. In particular, we have studied in previous works the waveguiding behavior of rare earth (RE) and Cr doped Ga 2 O 3 nanowires. [13] [14] [15] In this work, we demonstrate the quality of Ga 2 O 3 : Cr,Sn codoped microwires as cavity resonators. Upon laser excitation, light generated from optically active Cr impurities is confined into the microwire leading to characteristic resonances in the wavelength range between 640-770 nm. The resonant modes were explored in isolated straight and bended wires, branched wires, and crossing wires.
The Sn doped microwires were grown on a gallium oxide pellet, by thermal oxidation at 1100 C of metallic gallium in the presence of tin oxide under argon gas flow in a tubular furnace at atmospheric pressure. A further thermal treatment at 1500 C for 15 h is driven to incorporate Cr ions by diffusion into the structures. After the growth, the structures were removed from the pellet and placed onto a silicon wafer without the need of any glue. The purpose of Sn doping is to favour the growth of long and often branched wires, suitable to investigate the waveguiding and optical resonator properties. The mechanism of Sn influence on the final morphology of the wires will not be discussed here but we take advantage of the morphology of the codoped wires to study the cavity effects not only in single wires but also in crossing structures.
Morphological characterization has been carried out in a FEI Inspec S50 scanning electron microscope (SEM). Micro-photoluminescence (l-PL) spectra and imaging have been performed in a Horiba Jobin Ybon LabRam HR800 Raman confocal microscope. The excitation light was the 325 nm line of a He-Cd laser. A custom design module has been used to deviate the excitation laser spot from the collection point. 11 All PL measurements were performed at room temperature.
XRD measurements (not shown) confirm that the crystal structure of the synthesized wires is the monoclinic b-Ga 2 O 3 (JCPDS 00-041-1103). Figure 1(a) shows a SEM image of Sn doped Ga 2 O 3 wires on gallium oxide pellet. After the Cr diffusion process, the structures retain their morphology. Energy dispersive x-ray microanalysis in the SEM detects the Cr peak in the codoped structures (see supplementary information) 21 but quantification of the dopant concentration is difficult to achieve as it is close to the system detection limit (in the range of 0.5 at. %). A 2 phonon assisted broad band observed at room temperature. 16 The waveguiding behavior of excited light is clearly observed. When UV excitation is applied to the upper end of W1 (point 2 in Fig. 2(a) ), red PL is split and reaches both ends (points 1 and 4) of W1 and W2 as shown by the arrows in Figure 2(b) . In addition, a bright red spot is observed at point 3 (upper end of W2). This observation can be explained by the coupling of the evanescent field of the red PL at the contact region, 12, 17 so that the Cr related, red PL generated in W1 is transferred to W2 and confined in both wires. The light output at upper end of W2 (point 3) may come from the reflection at the opposite end. In addition, a fraction of the UV incident light transmitted along W1 would be coupled with W2 at the contact area and excite red PL in W2. This wire behaves as a waveguide and, consequently, red spots are observed in both extremes of W2.
In order to study the behavior of Ga 2 O 3 microwires as optical resonators, we have analyzed the PL spectra of the red light at the ending faces of the interconnected wires shown in the Figure 1(b) , which show triangular shape ends. Figure 3 shows their corresponding micro-PL image. By UV excitation at the crossing point, red PL is generated and guided in the two rods and red spots are seen at the four ends, as expected according to the above discussion. Micro-PL spectra from these wires show very interesting features. With the special setup in our confocal microscope, we have recorded spectra at wire ends during excitation at the crossing point. Figure 3(b) shows the characteristic Cr 3þ emission acquired at A end. A careful inspection of this spectrum reveals a clear modulation spreading over the whole emission band (inset Figure 3(b) ). The separation between adjacent maxima, Dk, is 0.98 nm. The inset also shows the modulation observed at B point of 1.24 nm at k ¼ 725 nm. PL spectra from the opposite extremes of each wire show the same modulation. We have also checked that the observed modulation does not depend on the excitation point and is characteristic of each wire. In principle, these wires could act as Fabry-Perot optical cavities of length L with modes N ¼ 2nL/k, where N is an integer and n is the refractive index, if we consider their ends smooth enough to operate as reflecting optical mirrors. 18 We have estimated the cavity length from this condition with data from PL spectra in Figure 3(b) . By choosing, for example, two consecutive modes (k N ¼ 725 nm and k Nþ1 ¼ 726 nm) and the refractive index from literature of about 1.91, 19 the FP condition for the cavity length gives a value of 137 lm, in good concordance with the SEM images. 
Similar measurements were made on several wires of different lengths in order to correlate the modulation with the wire length, which is a characteristic feature of optical cavities. Figure 4 shows the graph that represents Dk vs. 1/L, for ten wires, where a clear linear dependence is observed. For Fabry-Perot cavity modes, the mode spacing Dk for a cavity with length L is given by Dk ¼ k 2 /(2Ln g ), where n g is the group refractive index that is defined as n-k dn/dk. 18 By fitting data of Figure 4 to a linear function, the experimental value 1.99 6 0.10 of the group refractive index of gallium oxide is obtained. This value is in agreement with previously experimental data and Cauchy dispersion model fit. 19 Therefore, the data support that the observed modulation is related to Fabry-Perot resonances in the wires. Additionally, quality factor Q and finesse F factor were estimated for several microwires. Q is a measure of stored photon energy within the cavity and F is directly dependent on the resonator losses, which could provide information about the reflectivity of end faces, as is the main loss mechanism in the wires. They are calculated from Q ¼ k/C and F ¼ Dk/C, where C is the fullwidth at half maximum of the peak at k. From C values of several maxima in the PL spectra of several wires, Q values of about 1500 and 1330, respectively, are obtained. Then, Ga 2 O 3 wires are suitable host for storing photon energy. However, finesse F values obtained are about 2.7 6 0.2 in both wires, which indicates that losses at end faces of these wires are large.
The occurrence of FP resonances would be of interest as Cr doped Ga 2 O 3 wires could be used for lasing applications. The broad emission band provides a rather wide range for resonance wavelengths in microstructures, which has been considered for tunable lasers. 20 This feature is derived from phonon assisted process in the luminescence mechanisms, usually present in materials with high Huang-Rhys factor. It should be also mentioned that the concentration of Cr ions into gallium oxide wires is very low, below the detection limit of standard microanalysis systems. However, a strong red emission, visible with naked eye in the present experiments, is achieved from individual wires at room temperature. In addition, their morphology with uniform thickness and flat surfaces prevents optical losses and enhances optical confinement of guided modes. It has been reported than in nanowire lasers, mirror losses overpass waveguide losses due to their small reflection coefficient. 20 A recent work reported that the threshold gain to achieve laser action in ZnO nanowires is strongly dependent on length and diameter, showing that very thin nanowires never reach the threshold, independent of the nanowire length. 5 Hence, further work with the aim of improving the balance between optical gain and losses in Ga 2 O 3 wires will be made in the next future.
In summary, single codoped Ga 2 O 3 :Sn,Cr straight structures with waveguiding behavior and light confinement have been studied with the aid of a confocal microscope. The characteristic red PL of Cr 3þ in b-Ga 2 O 3 , observed at room temperature, is confined in gallium oxide microwires. Guided modes follow the path of the wire or couple to other contacting wires. The presence of resonant modes has been observed by recording PL spectra at the end points of several wires. The separation between modes scales with the inverse of the length wire according to the Fabry-Perot law for resonant optical cavities, and the group refractive index of gallium oxide has been determined. Estimation of Q factor was made for several wires, leading to rather high values. 
